Background: This study evaluates the clinical effects of the stepwise anterior vitrectomy on the prevention of positive vitreous pressure (PVP) during penetrating keratoplasty (PKP). Methods: PKP in conjunction with stepwise anterior vitrectomy was performed on 15 eyes of 15 patients under retrobulbar anesthesia. A preset vitrectomy trocar-cannula was inserted into the vitreous cavity before PKP. During the opening of the anterior chamber, intermittent vitrectomy and corneal incision expansion were performed alternately to keep the lens or artificial intraocular lens (IOL) and iris flat until the entirety of the pathological cornea had been dissected. The main outcome measures include visual acuity, crystalline lens rise (CLR), corneal curvature and diopter, and corneal endothelial cell loss.
Results: All surgical procedures were performed successfully without any PVP-related intraoperative complications. The mean time of the stepwise vitrectomies was 3.1 ± 0.7 s, the duration of each vitrectomy was 8.1 ± 5.3 s, and the duration of the total surgery was 60.5 ± 5.3 min. The anterior segment reaction was mild and the shape of the pupil remained normal 1 day after surgery. The mean preoperative and mean 3-month postoperative CLR values were 0.48 ± 0.09 mm and -0.16 ± 0.04 mm, respectively (p \ 0.0001). The mean preoperative endothelial cell density in donor buttons was 2570 ± 171 cells/mm 2 , and the mean 6-and 12-month postoperative endothelial cell density in donor buttons was 2207 ± 127 cells/mm 2 Penetrating keratoplasty (PKP) has since the mid-1950s been the main therapeutic method for keratopathy, which causes blindness. Although selective lamellar keratoplasty has developed rapidly during the past decade, PKP is still an important corneal transplantation procedure and the best choice for treating full-thickness corneal disease like corneal leucoma, Fuchs' corneal dystrophy, keratoconus, and so on.
PKP is an open-sky surgery that carries a high risk of intraoperative complications caused by positive vitreous pressure (PVP), which might cause severe intraoperative and postoperative complications such as blindness. To avoid the PVP during opensky surgery and fundamentally increase surgical safety, we designed this novel and stabilized PKP procedure. This study mainly introduces a novel and stabilized PKP procedure.
What was learned from the study?
This novel and stabilized PKP procedure, which was performed in conjunction with the stepwise anterior vitrectomy, could become an alternative corneal transplantation procedure. All demographic data, examination results, and figures of the surgery procedure are shown in the paper. 
INTRODUCTION
Since the mid-1950s, penetrating keratoplasty (PKP) has been the main therapeutic method for keratopathy, which causes blindness [1] . Although selective lamellar keratoplasty has developed rapidly during the past decade [2] , PKP remains an important corneal transplantation procedure and the best choice for treating full-thickness corneal disease. It was reported that during the 10-year period from 2002 to 2011, 86.5% (4191) of all corneal transplantations performed in the UK, Columbia, and Canada were PKP procedures [3] . In the USA, this number decreased from 95% to 42% (19,535, i.e., 42% of 46,513 transplants) in the past 10 years, but this was still a large number [4] .
PKP is an open-sky surgery that carries a high risk of intraoperative complications, such as acute suprachoroidal effusion or hemorrhage, dislocation or prolapse of intraocular contents (iris, lens, or vitreous) ( Fig. 1 ), iris or lens damage, and cystoid macular edema. The first two of these complications, which are secondary to positive vitreous pressure (PVP), are considered the most severe [1, 5] . Recent research has partly clarified the pathogenesis and pathophysiology of PVP, and it has identified hypotony resulting from aqueous loss as the fundamental reason for PVP [5] .
In this study, we designed a novel and stabilized PKP procedure that can be performed safely under retrobulbar anesthesia, using microinvasive anterior segment vitrectomy to prevent intraoperative PVP.
METHODS
This study was a retrospective noncomparative case series in which the new procedure of using PKP in conjunction with stepwise anterior vitrectomy was performed on 15 eyes of 15 patients between May 2016 and April 2017 at the Department of Ophthalmology, which is affiliated with the Tongji University School of Medicine. This study was approved by the ethics committee of Tongji Hospital, Tongji University School of Medicine, and adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from the patients for publication of this article and any accompanying images. All procedures were performed by the same experienced surgeon (Yanlong Bi). The inclusion criteria were patients with full-thickness or deep corneal disease that had led to corneal opacities that impair vision, such as corneal leucoma with or without intraocular lens (IOL) implantation, chronic bullous keratopathy, and acute corneal hydrops caused by keratoconus. The exclusion criteria were patients with a history of vitrectomy, vitreoretinopathy, active infectious keratitis, and uncontrolled intraocular pressure, as well as patients with severe systemic disease who could not tolerate surgery.
Several ophthalmic examinations were performed before and after surgery. These included the best corrected visual acuity (BCVA) test, intraocular pressure (IOP) test, slit-lamp examination, endothelial cell density (ECD) examination, refractive error measurement (corneal topography), and B-scan ultrasonography. The refractive error measurement was analyzed by computer-assisted corneal topography (TOP-CON, Japan). The anterior chamber width (ACW) and crystalline lens rise (CLR) of patients with the lens were measured using anterior segment optical coherence tomography (AS-OCT; Carl Zeiss Meditec, USA). The ACW is the length of the connecting line between the two scleral spurs; it can be measured by horizontal scanning using AS-OCT. The CLR is the vertical dimension between the anterior surface of the lens and the ACW. If the position of the former is higher than that of the latter, the CLR will be a positive number; if it is lower, the CLR will be a negative number ( Fig. 1 ).
Statistical analysis was performed using SPSS version 13.0 (SPSS Inc., IBM, USA), and the results are expressed as the mean ± the standard deviation (SD). A paired samples t test was used to test the preoperative and postoperative ACW and CLR, with a p value of less than 0.05 (p \ 0.05) considered statistically significant.
Surgical Procedure
The eye undergoing surgery was compressed moderately by the surgeon 5 min after the induction of retrobulbar anesthesia (1:1 mixture of 2% lidocaine and 0.75% bupivacaine) to soften the eyeball and reduce the intraocular pressure. A preset trocar-cannula system was inserted into the vitreous cavity through the bulbar conjunctiva at the pars plana at the 11 o'clock position, at a distance of 3.5 mm (in an aphakic and a pseudophakic eye) or 4.0 mm (in a phakic eye) from the limbus ( Fig. 2a, b ). To prevent vitreous loss and to maintain the IOP, Fig. 1 An anterior segment optical coherence tomography (AS-OCT) image of an anterior segment with different depths. The blue line represents the anterior chamber width (ACW), which connects the two scleral spurs. The red line represents the crystalline lens rise (CLR), which is the vertical dimension between the anterior surface of the lens and the ACW. a The position of the ACW is higher than that of the anterior surface of the lens, so the CLR is negative. b The position of the ACW is lower than that of the anterior surface of lens, so the CLR is positive The placement of a preset vitrectomy trocar-cannula. c The recipient cornea was trephined using a vacuum trephine. d, e The opening of the anterior chamber. f An anterior vitrectomy was performed to reduce the vitreous pressure. g A temporary interrupted suture was adopted at the incisional segment to maintain the corneal topography. h-l The extending of the corneal penetrating incision and the laying of the sutures. m An anterior vitrectomy was performed to reduce the vitreous pressure. During the procedure, a vitrectomy, a cutting of residual cornea, and an injection of viscoelastic material were performed successively. n The removal of all temporary sutures. o After the removal of the fullthickness recipient button, the intraocular contents were in stable condition. p, q The donor cornea button was placed along the recipient corneal rim, and interrupted sutures were placed between the donor cornea button and the recipient corneal rim with 10-0 nylon thread. r Sixteen interrupted corneal sutures and two interrupted scleral sutures were applied the trocar was sealed before the PKP procedure was begun.
The recipient cornea was trephined to a thickness of about 80% using a vacuum trephine (Medin-ural, Russia) with a diameter ranging from 7.5 to 8.75 mm, which was at least 0.25 mm larger than that of the primary lesion ( Fig. 2c) . A sharp-tipped 15°blade or a curved corneal scissor approximately 3.0 mm wide was then used to penetrate the incision at the 11 o'clock position; and at this time, the aqueous flowed out ( Fig. 2d, e ). If the patient had serious PVP, the iris could prolapse and bulge from this corneal incision gap. Because the width of the gap was only 3.0 mm, the prolapsed iris could usually be easily pushed into the anterior chamber using viscoelastic material ( Fig. 3a, b ).
The vitrectomy cutter was then immediately inserted vertically 6-10 mm into the center of the vitreous cavity through a preset trocar ( Fig. 2f ). To reduce the vitreous pressure, the vitrectomy was performed stepwise and gradually at a cut rate of 1500 cuts per min and a linear aspiration power of 50-100 mmHg (Figs. 2f, m and 3c). A sharp-tipped 15°blade and curved corneal scissors were used to dissect the recipient button along the trephination groove, with viscoelastic material constantly injected to flatten the bulged iris and maintain the anterior chamber ( Fig. 2h , i). In this step, the surgeon should observe the position of the lens-iris diaphragm to evaluate the vitreous The anterior chamber was opened, and the pressure of the anterior chamber was reduced suddenly to 0 mmHg. The difference in pressure between the vitreous cavity and the anterior chamber could push the intraocular contents out and cause a hernia of the iris and vitreous. b PVP may be more serious in patients with IOL during PKP. c The stepwise microinvasive anterior vitrectomy is begun; the pressure of the vitreous cavity is reduced; and the iris, lens-iris diaphragm, and lens are in the correct position. d After the removal of the full-thickness recipient button, the intraocular contents are in the correct position pressure in order to determine whether the intermittent vitrectomy should be restarted and to what extent the vitreous should be excised. The indication for performing the intermittent vitrectomy was the bulge of the iris, and the procedure ended once the iris had returned to the correct position. The incision was further extended by approximately 3 mm. The stabilization of the vitreous pressure was again evaluated, and the intermittent vitrectomy process was sometimes repeated. After one quarter of the cornea had been dissected, a temporary interrupted suture was applied to the middle of the incisional segment ( Fig. 2g , j, l). Vitrectomy, residual cornea dissection, and viscoelastic material injection were performed successively to ensure the stabilization of the iris and lens. Excessive vitrectomy should be avoided to prevent the eyeball from collapsing, and the trocar lid should be put back every time the vitrectomy is stopped in order to prevent excessive vitreous loss.
After all the connections between the recipient button and recipient corneal rim had been dissected and four temporary interrupted sutures had been simultaneously applied, the preparation of the donor cornea began. The donor cornea button, which was 0.25 mm larger than the recipient graft site, was trephined from the endothelial side of a fresh donor cornea. The temporary interrupted sutures and fullthickness recipient button were then carefully removed (Figs. 2n, o and 3d ), and the donor cornea button was placed along the recipient corneal rim and sutured with 10-0 nylon thread (Figs. 2p, q) . The trocar-cannula was withdrawn, and the scleral incision was closed with the 10-0 nylon thread as well (Fig. 2r ). The sutures were removed 1 week after surgery.
RESULTS
This novel procedure was performed on 15 eyes of 15 patients without any intraoperative complications, such as acute suprachoroidal effusion or hemorrhage, iris or lens prolapse or damage, or cystoid macular edema. In addition, none of the patients developed a postoperative high IOP or endophthalmitis. In each procedure, the mean time of the stepwise vitrectomies was 3.1 ± 0.7 s, and the duration of each vitrectomy was 8.1 ± 5.3 s. The duration of the entire surgical procedure was 60.5 ± 5.3 min.
Out of all the cases, one patient with an old corneal leucoma experienced graft endothelial rejection in one eye. It was diagnosed by the presence of an endothelial rejection line with concomitant corneal edema 6 weeks after surgery. This was treated with topical steroid therapy (topical fluoroquinolone and topical steroids, tobramycin dexamethasone eye drops) taken each waking hour for 1 week and a 40-mg peribulbar methylprednisolone injection administered once daily for three consecutive days. After the topical steroid medication had been used, the progression was controlled and reversed.
There were two cases of pseudophakia. Examination by slit lamp and AS-OCT after surgery revealed that the shapes of the pupils had remained normal (i.e., as they had been before surgery) and that the patients' IOLs were properly located. The mean preoperative value of the ACW was 11.55 ± 0.28 mm, and the postoperative value after 3 months was 11.52 ± 0.31 mm (p = 0.17). The mean preoperative CLR value was 0.48 ± 0.09 mm, and the postoperative value after 3 months was -0.16 ± 0.04 mm (p \ 0.0001). After all the corneal sutures were removed, the mean postoperative corneal topographic astigmatism was 3.59 ± 0.98 diopters (D). The mean endothelial cell density value in donor buttons was 2570 ± 171 cells/mm 2 ; the mean endothelial cell density value was 2207 ± 127 cells/mm 2 and 2000 ± 198 cells/mm 2 during 6-month and 12-month postoperative visits, respectively. The endothelial cell loss was 22.2% 12 months after surgery. The anterior segment reaction was mild under the slit-lamp microscope 1 day after surgery, and neither the keratic precipitate nor the Tyndall effect appeared. An OCT examination showed that none of the patients exhibited macular-or surgery-related retinopathy. All demographic data and examination results are shown in Table 1 . Table 1 continued Case no. 
Post

DISCUSSION
PVP is particularly common during open anterior segment surgery, and it has been reported that during PKP, the incidence rate of PVP is 40-50% [5] . The rate could be higher if the surgical patient has an underlying disease, such as iris atrophy, pathological pupil, pseudophakic eyes with broken capsular bags, or an undesirable cataract surgery with some parts of the IOL located outside the capsular bag [6] . Acute hypotony resulting from an open-sky surgery is the fundamental cause of intraoperative PVP [5] . When an open anterior chamber surgery starts, the vitreous cavity begins to undergo gradually increasing pressure related to the vitreous cavity volume reduction, and this can be caused by the external compression of the globe or intraoperative acute intraocular intumescence [5] . When the aqueous loss and hypotony occur simultaneously, a difference arises between the pressure in the vitreous cavity and that in the anterior chamber, so that the pressure in the former, which will be significantly higher than that in the latter, pushes the contents of the vitreous cavity forward (Figs. 3a  and 4a ), even causing lens dislocation [7, 8] ( Figs. 3b and 4b, c ). More importantly, if there is an acute drop in intraoperative IOP, the transmural pressure will increase and rupture the vessels, and the blood will flow into the choroid. The most devastating complicationsuprachoroidal hemorrhage-will ensue, and this condition leads to a very poor prognosis [9, 10] . To avoid a decrease of vitreous cavity volume and an occurrence of choroidal hemorrhage, inducing general anesthesia and keeping the patient's head tilted upwards are highly recommended [11, 12] . However, in developing countries, in order to meet the urgent needs of increased patient volume while maintaining economic frugality, local anesthesia has been preferred in ophthalmic surgery [13, 14] . In our case series, the cost of anterior vitrectomy and local anesthesia is less than the cost of general anesthesia and postoperative nursing. Considering the serious consequences of PVP, several modified PKP methods that can be performed under local anesthesia, such as relatively closed anterior chamber techniques or minimizing the degree and duration of an open-sky procedure, have been proposed [11, 15, 16] . The preoperative use of an intravenous diuretic, such as mannitol or acetazolamide, to decrease the vitreous volume has also been advocated [8] . Currently, vitrectomy is extensively used in combination with anterior segment disease surgery, such as phacoemulsification in angleclosure glaucoma [17] , and a review [18] reported that most of the changes in the anterior Fig. 4 The occurrence of PVP during PKP under different types of anesthesia. a Under general anesthesia, when the anterior chamber was opened, the intraocular contents were pushed (white arrow) and the anterior chamber angle almost disappeared (yellow arrow). b, c Under retrobulbar anesthesia, when the anterior chamber was opened, lens dislocation occurred (green arrow) segment after uncomplicated pars plana vitrectomy (PPV) are found to be temporary. To maintain the stability of the anterior chamber and avoid PVP, we combined PKP and microinvasive vitrectomy. The technique we presented here is an alternative method that not only could avoid PVP but also could be performed under local retrobulbar anesthesia. To our knowledge, this stepwise microinvasive vitrectomy-assisted PKP method has not been reported previously in the medical literature.
The novel procedure we have proposed would ensure the safety and the stability of all open-sky-related procedures during PKP. The anterior chamber is open for a sustained period during the removal of the pathological cornea. During this phase of the surgery, the vitreous pressure would fluctuate greatly, so a stepwise microinvasive anterior segment vitrectomy can be crucial to stabilizing the vitreous pressure. In addition, the degree and duration of the vitrectomy can be well controlled by the surgeon, who can assess the vitreous pressure by observing the position of the lens-iris diaphragm. The ideal state for vitreous pressure is manifested during the opening period, the iris does not prolapse outwards through the gap caused by the incision, and after the entirety of the pathological cornea has been removed, the lens or the IOL does not gradually prolapse outwards [19] (Fig. 3c, d) . Moreover, because the vitrectomy can be performed at any stage of the procedure, the stability of the anterior chamber can be maintained, and the subsequent suturing process can be completed successfully.
In this case series, the lens or IOL always stayed in place without prolapsing. The following are some guidelines for applying this novel method. First, to prevent vitrectomy trocar insertion difficulties caused by a reduction of the vitreous pressure, the vitrectomy trocar should be inserted before opening the anterior chamber. In addition, the vitrectomy should not be started before the recipient cornea has been trephined, because decreased vitreous pressure caused by the vitrectomy will make it difficult to place the vacuum trephine in a position that will enable precise trephining. Besides, the anterior vitrectomy is a slow, stepby-step process, and the vitreous pressure should be evaluated in real time by observing the position of the lens-iris diaphragm. Moreover, the vitreous pressure should be kept within a suitable range to prevent the eyeball from collapsing as a result of hypotonia oculi, which is also a risk factor for choroidal detachment and hemorrhage.
Compared to the conventional PKP, the extra iatrogenic trauma in this novel procedure is the microinvasive vitrectomy which is a procedure considered minimally invasive by several researchers [20] [21] [22] , and our preliminary clinical data show no relative intraoperative and postoperative complications. The vitrectomy we performed is a microincision anterior vitrectomy surgery with 25-gauge (G) or 23-G instruments. During the procedure, only the anterior vitreous was excised minimally without infusion of balanced salt solution, which had little influence on the whole vitreous and retina structure. Corneal opacification can, to some extent, make it difficult to see the vitrectomy cutting head, so microinvasive vitrectomy should be performed carefully. This may represent an important difference between the proposed procedure and traditional vitrectomy. All the patients should undergo a B-scan ultrasonographic examination before and after the surgery to ensure that there is no proliferative vitreoretinopathy, retinal detachment, or vitreous hemorrhage. In addition, the use of a longer vitrectomy cannula is recommended to ensure that the cannula tip and vitrectomy cutter can safely enter the vitreous cavity. During the vitrectomy, the vitreous cutter was perpendicular to the sclera and inserted vertically 6-10 mm into the center of the vitreous cavity to guarantee that only the anterior and center of the vitreous would be excised and that neither the posterior lens capsules nor the surrounding retinal tissues would be damaged.
In our results, the mean value for postoperative corneal topographic astigmatism was 3.59 ± 0.98 D. This was significantly smaller than the previously reported 5.0 ± 1.5 D [23] . These results may have been obtained because the IOP was kept stable, and suturing was performed under equable conditions. It was reported that there is some probability (33.6%) of increased IOP after conventional PK and that patients with bullous keratopathy, preexisting glaucoma, and surgical indications of trauma are at a higher risk compared to patients with other keratopathy diagnoses [24, 25] . Postpenetrating keratoplasty glaucoma can result from several factors, such as distortion of the angle with collapse of the trabecular meshwork, postoperative inflammation, the use of corticosteroids, and suturing techniques, etc. [26] . In our case series, none of the patients exhibited increased IOP during the 1-year follow-up, and none had an angle recession or closure according to the results of the postoperative AS-OCT. Moreover, the positions of the irises and of the lenses or IOL were stable. This could also be measured by AS-OCT, because the preoperative CLR value was 0.48 ± 0.09 mm and the postoperative value after 3 months was -0.16 ± 0.04 mm (p \ 0.0001). This result indicates that the lens or IOL was located somewhat posteriorly after surgery and that this had positive effects on maintaining a steady IOP. Here is our analysis. First, our new procedure avoided PVP. The tensions of the lens-iris diaphragm and the lens zonules were well maintained, and this ensured the normal anatomy of the anterior chamber angle and the correct position of the lens or IOL. In addition, after resection of relatively small amounts of the anterior vitreous, the vitreous volume was decreased; therefore, the anterior chamber was deepened allowing for decreased vitreous pressure on the lens-iris diaphragm. Moreover, minimal intraoperative IOP fluctuations contributed to stable and smooth suturing, which minimized the traction of the suture on the anterior chamber angle, where the trabecular meshwork located.
The mean rate of endothelial cell loss 12 months after conventional PKP ranged from 27.7% to 40.9% [27, 28] . In another modified PKP procedure, which changed the open-sky condition to a closed one, endothelial cell loss was almost within the normal range [15, 16, 29] . In all of these procedures, the donor corneal graft had been covered and sutured on top of the recipient bed before all or parts of the recipient cornea were removed from the anterior chamber [15, 16, 29] . The suturing and removal stages should cause some loss of the graft endothelium. In our case series, endothelial cell loss was 22.2% 12 months after surgery, and this was close to the reported base level of conventional PKP [27] . This likely contributed to the absence of obvious endothelium-damaging steps with our method. However, this study has limitations: a relatively small number of cases, higher equipment requirements, and higher skill requirements.
CONCLUSION
This novel and stabilized PKP procedure, which was performed in conjunction with the stepwise anterior vitrectomy, could become an alternative corneal transplantation procedure, because it effectively avoids PVP during open-sky surgery and significantly increases surgical safety.
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